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Summary 36 
1. Mast seeding is a reproductive strategy in some perennial plants defined as 37 
synchronous production of large seed crops at irregular intervals. One widely accepted 38 
theory to explain this behaviour is the predator satiation hypothesis, which states that 39 
the synchronous and variable production of seeds within a population will maximize the 40 
probability of seed survival through satiation of seed predators.  41 
2. Although some short-term studies have documented the influence of variable and 42 
synchronized production of seeds on herbivore attack rate during one or few mast years, 43 
long-term data including multiple mast seeding years and patterns of cone production 44 
and herbivore attack on individual trees are needed to assess (i) how cone production, 45 
variability and synchrony affect individual plant fitness and (ii) the functional responses 46 
of seed predators to mast seeding events.  47 
3. We tested these objectives, collecting long-term (29 years) data on female seed cone 48 
production and rates of seed predator attack from 217 individual contiguous trees within 49 
a Pinus ponderosa population.  50 
4. Our results support the predator satiation hypothesis. Firstly, we found high 51 
interannual synchrony and variability in seed cone production and a type II functional 52 
response of seed predators to available cones. Secondly, years with high cone 53 
production (mast years) had markedly lower rates of seed predator attack than years of 54 
low production (i.e. a population-level satiation effect). Thirdly, within mast years, 55 
individuals with high cone production had markedly lower rates of attack than 56 
individuals with low cone production (i.e. an individual-level satiation effect). Finally, 57 
individual trees with greater synchrony and more variable cone production suffered 58 
lower rates of attack.  59 
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5. Synthesis: Our long-term data on individual trees lends strong support to the 60 
hypothesis that mast seeding in Pinus ponderosahas evolved in response to natural 61 
selection from insect seed predators. 62 
 63 
Key-words: insect seed predators, mast seeding, Pinus ponderosa, plant–herbivore 64 
interactions, predator satiation, seed cone production, synchrony 65 
 66 
Introduction 67 
Mast seeding (also called ‘masting’) is a common reproductive strategy exhibited by 68 
some species of perennial plants, and can be defined as the synchronous production of 69 
large seed crops at irregular intervals by a population of plants (Janzen 1976; 70 
Silvertown 1980; Sork, Bramble & Sexton 1993; Herrera et al. 1998; Koenig & Knops 71 
2005; Crone, McIntire & Brodie 2011). The following patterns characterize mast 72 
seeding events: high temporal variability and high synchrony in seed production among 73 
individuals of a population (Herrera et al. 1998; Koenig & Knops 1998; Ostfeld & 74 
Keesing 2000; Koenig et al. 2003; Liebhold, Koenig & Bjørnstad 2004; LaMontagne & 75 
Boutin 2007; Koenig & Knops 2013). 76 
One of the most widely accepted explanations for the evolution of masting is the 77 
predator satiation hypothesis, which postulates that the synchronous and variable 78 
production of seeds among conspecifics within a population will increase the likelihood 79 
of seed escaping local seed predators through their overabundance (Janzen 1976; 80 
Silvertown 1980). Masting may satiate seed predators (and increase seed survival) 81 
through at least two complementary mechanisms. First, large fluctuations in seed 82 
production may prevent the buildup of seed predator populations between mast seeding 83 
events. Second, mast seeding events may increase the resource pool available to 84 
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predators sufficiently to exceed their ability to consume those resources. Some short-85 
term studies have documented the role of variable and synchronized production of seeds 86 
on herbivore attack rate during one or few mast years (e.g. Archibald et al. 2012). 87 
However in order to better understand how masting evolves, we need to (i) assess how 88 
total cone production, variability, and synchrony affect individual plant fitness, (ii)  89 
examine patterns of cone production over long-term spans that include several mast- 90 
and non-mast years, and then (iii) determine how those patterns influence attacks by 91 
seed predators.   92 
Determining a seed predator’s functional responses, and how these are related to 93 
mast seeding, is crucial to testing the predictions of the predator satiation hypothesis, 94 
and understanding its evolution (Koenig et al. 2003; Fletcher et al. 2010). Predator 95 
satiation requires negative density dependence across some portion of the range of 96 
naturally occurring resource densities (Holling 1965). The functional response of a seed 97 
predator depends on the size, mobility, and diet breadth of the predators (Koenig et al. 98 
2003; Klinger & Rejmánek 2009). For example, an individual tree would have a higher 99 
probability of escaping mobile generalist seed predators (e.g. squirrels, mice, birds) in a 100 
mast event if its cones mature synchronously with those of other trees within these 101 
predators’ typically large territories. Therefore, mobile predators should select for 102 
increased among-population variation and synchrony (Koenig et al. 2003). In contrast, 103 
less mobile specialist seed predators (e.g. insects) may be satiated by individuals or 104 
smaller groups of trees, and might select for increased variation in individual 105 
reproduction without selecting for large scale synchrony (Koenig et al. 2003). 106 
Consequently, characteristics of the seed predator community are likely to play a central 107 
role in determining whether masting is advantageous, and at which spatial scales. 108 
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A central assumption of the predator satiation hypothesis is that superabundant 109 
seed production in mast years reduces proportional seed consumption by predators 110 
(satiation effect), thus increasing the proportion of seeds surviving (Koenig et al. 2003; 111 
Fletcher et al. 2010). However, the proportion of seeds consumed by predators may also 112 
be reduced at low seed densities if, for example, seed predators turn to more abundant 113 
food sources (prey-switching behaviour, e.g. Ims 1990). These opposing dynamics 114 
highlight the importance of determining the form of the functional response of predators 115 
to seed availability, so as to fully test the predictions of the predator satiation hypothesis 116 
(Ruscoe et al. 2005; Fletcher et al. 2010). Despite the potential to provide mechanistic 117 
explanations of predator satiation, the functional responses of seed predators to mast 118 
seeding events have been poorly examined (but see Ruscoe et al. 2005; Fletcher et al. 119 
2010).  120 
The aims of the present study were threefold. Firstly, we evaluated the variation 121 
and synchrony in seed cone production within a ponderosa pine (Pinus ponderosa var. 122 
scopulorum) population in relation to the proportion of insect-damaged cones. 123 
Secondly, we examined the functional response of specialist insect seed predators to 124 
mast and non-mast seeding events in the same pine population. Thirdly, we assessed 125 
these dynamics both at the population level, and in terms of individual trees, thus 126 
allowing inferences about possible evolutionary responses. To test these objectives we 127 
collected long-term (29 years) data on seed cone production, classified as healthy and 128 
insect-damaged cones, and calculated synchrony and variability in 217 trees. Taken 129 
together, these objectives provide a more complete understanding of masting behaviour 130 
in pines and its fitness consequences with respect to interactions with seed predators.  131 
 132 
Materials and methods 133 
6 
 
PINE SPECIES, STUDY AREA AND DATA COLLECTION 134 
Ponderosa pine is a native conifer in western North America where it is one of the most 135 
widely distributed pine species, especially at higher elevations (Richardson 1998). 136 
Ponderosa pine is monoecious, i.e. male and female cones occur on the same tree, which 137 
reproduces via seeds. The female cones usually require two growing seasons to mature 138 
after pollination and reach their full size by mid-summer. The cones usually open to 139 
release the seeds several months later in the fall. The seeds are small and winged, 140 
anemophilous (wind-dispersed) and rich in nutrients, which serve as food source for 141 
many animals. As in other pines, episodic mast seeding events are common in 142 
ponderosa pine populations (e.g. Linhart & Mitton 1985; Mooney, Linhart & Snyder 143 
2011).  144 
We carried out a long-term field study (from 1979 to 2008, except in 2004) 145 
monitoring a population of 217 ponderosa pine individuals distributed over a 2 ha area 146 
on the south-facing slope of Boulder Canyon at an elevation of 1740 m in the Front 147 
Range of the Rocky Mountains (near the town of Boulder, Colorado, 40° 00' 48"N, 105° 148 
18' 12"W). The stand was open and park-like, typical of ponderosa pine forests in this 149 
xeric, continental setting. Ages of studied trees ranged from about 40 to over 280 years, 150 
and were estimated from cores taken at 30-50 cm above-ground. There was no evidence 151 
of logging or other disturbance at this site.  152 
We recorded total cone production each year (between July and October) by 153 
counting total individual seed cones throughout the crowns of all trees. Seed cones were 154 
recorded separately as cones with no signs of predator activity (healthy cones, hereafter) 155 
and cones with external evidence of insect damage (attacked or aborted cones, 156 
hereafter). In this population, the cone-feeding insects include the cone weevil 157 
Conotrachelus neomexicanus Fall (Coleoptera: Curculionidae), the cone moths 158 
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Dioryctria spp. (Lepidoptera: Pyralidae) and Eucosma spp. (Lepidoptera: Tortricidae) 159 
(Bodenham & Stevens 1981; Keefover-Ring & Linhart 2010). Adults of these species 160 
oviposit on green second-year cones in spring and early summer, and their larvae mine 161 
the interior, indiscriminately devouring scales and seeds (Furniss & Carolin 1980; 162 
Hedlin et al. 1981; Cibrian-Tovar et al. 1986). This feeding destroys all of the seeds in a 163 
cone, and the damaged cones never open (Plate 1; Linhart personal observation; 164 
Bodenham et al. 1976; Schmid et al. 1986; Pasek & Dix 1988; Blake et al. 1989). Such 165 
infested cones quickly die, turn reddish to dark brown, and appear stunted or deformed 166 
(Plate 1). To identify the insects responsible for this damage, we dissected cones and 167 
identified insects in situ. This was done repeatedly over the years. During one three-year 168 
sampling (1988, 1989, 1998), we dissected 715 cones at this site, and another 766 at 169 
nearby sites to familiarize ourselves with sources of cone damage (Keefover-Ring & 170 
Linhart 2010). Prior to those years and periodically afterwards, we sampled 20-30 cones 171 
haphazardly throughout the population to see if other insects might be responsible, and 172 
to verify that shrunken cones contained no viable seeds. Given that the damaged cones 173 
produced no viable seeds we also refer to these attacked cones as aborted cones. When 174 
counting cones we were able to classify them as either viable or aborted 175 
unambiguously. Early in the summer, viable cones were green, while aborted cones 176 
were brown, smaller, and often distorted and covered with resin. Later in summer and 177 
early fall, healthy cones opened to release the seeds, while aborted cones stayed closed 178 
(Plate 1). In this population, trees are short enough and the stand density is open enough 179 
that accurate counts of cones were easy to obtain. In order to ensure the continuity and 180 
consistency of data collection, one or more of the authors was present for all counts.  181 
 182 
DATA ANALYSIS 183 
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Descriptive statistics 184 
Mast seeding years are qualitatively defined as being those years when a heavy seed 185 
crop is produced (e.g. Silvertown 1980; Norton & Kelly 1988; Kelly 1994). As in past 186 
studies, we defined mast seeding as those years when seed production exceeds the mean 187 
by a designated amount, measured in standard deviations (LaMontagne & Boutin 2007; 188 
LaMontagne & Boutin 2009). Specifically, we calculated the population deviation from 189 
the long-term mean in standard deviations for each year as SDi = (Xi – Xp) / (SDp), 190 
where the SDi and Xi are the standard deviation and mean for year i, and Xp and SDp are 191 
the standard deviation and mean for the population across all 29 years. ‘Mast years’ 192 
were then defined to be those where SDi ≥ 0.93, while ‘non-mast years’ were defined as 193 
those where SD i < 0.93. This classification resulted in 6 mast years, 19 non-mast years, 194 
and 4 intermediate years (Figure S1). A threshold of 0.93 was selected in favor of 1.0 195 
(used by LaMontagne & Boutin 2007) as this resulted in the inclusion of 2005 as a mast 196 
year, a year that was much closer in rates of cone production to the five other mast years 197 
than to the non-mast years (Figure S1). However, all of our findings are qualitatively 198 
identical if a threshold of 1.0 is used (results not shown).  199 
To assess synchrony and variability in reproduction and the proportion of attacked 200 
cones, we calculated the following population-level metrics: (i) annual variation in total 201 
seed cone production by the population (CVp), calculated as the coefficient of variation 202 
for total population cone production over 29 years (LaMontagne & Boutin 2007; 203 
Mooney, Linhart & Snyder 2011); (ii) total cone production for each year Tp, calculated 204 
as the total number of cones produced each year across all trees (n = 29); (iii) the 205 
proportion of seed cones attacked in the population each year (Pp), calculated as the 206 
mean proportion of attacked cones across all trees for each year (n = 29). We in turn 207 
calculated a set of parallel statistics for each individual tree (n = 217): (i) total cone 208 
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production for each tree Ti, calculated as the total number of cones produced across all 209 
years; (ii) individual variability CVi, calculated as the coefficient of variation across 29 210 
years for each individual tree (Herrera 1998); (iii) individual synchrony ri, calculated as 211 
the Pearson’s correlation coefficients for seed cone production between each tree and 212 
total cone production for all other trees across years (Crone, McIntire & Brodie 2011; 213 
Mooney, Linhart & Snyder 2011); and finally (iv) individual proportion of seed cones 214 
attacked over 29 years Pi, calculated as total attacked cones divided by total cone 215 
production over 29 years.  216 
 217 
Functional response: Population- and individual-level tests 218 
Holling (1959) reported three general forms of predator functional responses to prey 219 
density which we can translate to seed consumption by predators (Figure 1a): (i) Type I 220 
responses, where the proportion of consumed seeds remains constant, independently of 221 
the level of seed availability; this does not support the predator satiation hypothesis; (ii) 222 
Type II responses, where the proportion of seed consumed by predators is highest at low 223 
levels of seed availability; and (iii) Type III responses, where the proportion of seed 224 
consumed by predators is highest at some intermediate level of seed availability and 225 
then declines towards zero. Type II and III functional responses both support the 226 
predator satiation hypothesis because the proportion of seed consumed by predators 227 
decreases with increasing seed availability across at least some range of seed density.  228 
Distinctions among type I, II and III functional responses are best tested with a 229 
statistical model in which the proportion of resource consumed is modeled as dependent 230 
upon the linear and quadratic effects of resource availability using the logistic 231 
regression (Trexler, McCulloch & Travis 1988; Juliano 2001; Fletcher et al. 2010). 232 
Because the distribution of seed cone production among trees was extremely skewed, 233 
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we used the log10 (x+1)-transformed number of seed cones as the independent variable. 234 
Type I functional responses were identified based on non-significant linear and 235 
quadratic coefficients of available cones; type II responses were identified by a negative 236 
linear coefficient of available cones, and type III responses were identified by positive 237 
linear and negative quadratic coefficients of available cones (Trexler, McCulloch & 238 
Travis 1988; Juliano 2001; Fletcher et al. 2010). 239 
First, we calculated the functional response at the population-level, regressing the 240 
proportion of attacked seed cones for the population each year (Pp, dependent variable) 241 
onto total cone production for each year (Tp, independent variable). Second, we 242 
determined the form of the functional response at the individual level across both mast- 243 
and non-mast years. Here we regressed the proportion of attacked seed cones for each 244 
tree (Pi, dependent variable) onto total cone production for that tree (Ti, independent 245 
variable),  where each tree was represented twice with values of Pi and Ti taken 246 
separately from mast (Pi-mast, Ti-mast) and non-mast years (Pi-non-mast, Ti-non-mast), and 247 
including individual tree as a fixed effect. This approach thus tests for the individual 248 
level benefit of masting across the full range of cone production (Fletcher et al. 2010). 249 
Finally, we tested whether variation in cone production among trees influences cone 250 
attack within mast years (n = 6), regressing individual proportion of seed cones attacked 251 
over all mast years (Pi-mast, dependent variable) onto total cone production for each tree 252 
over all mast years (Ti-mast, independent variable). A parallel analysis within non-mast 253 
years (based upon Pi-non-mast and Ti-non-mast) was not possible because the range of cone 254 
production among trees was too low to accurately assess seed predator functional 255 
response.   256 
 257 
Associations among individual-level descriptors 258 
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To test the predictions of the predator satiation hypothesis, i.e. that high variability and 259 
synchrony maximize the probability of seed escape, we used multiple logistic 260 
regressions to test the effects of (a) individual synchrony in seed production (ri), (b) the 261 
variation at the individual-level in seed cone production (CVi), and (c) the total cone 262 
production for each tree (Ti) upon the individual proportion of attacked seed cones (Pi).  263 
 264 
Relative effects of individual vs. site-wide cone production 265 
If large seed crops reduce rates of seed predator attack on individual trees, such effects 266 
are likely driven by both seed cone abundance within the individual’s canopy, as well as 267 
seed cone abundance within the canopies of all other trees. To assess the relative 268 
contributions of these two factors, we used multiple logistic regression. In this analysis, 269 
the proportion of cones attacked on a single tree within a single year was regressed onto 270 
both the total cone production for that tree within that year, as well as the mean number 271 
of cones produced by all other trees within the population for that year, with individual 272 
tree included as a fixed effect. With this approach, the partial regression coefficients 273 
quantify the relative influences of variation in individual vs. population-wide cone 274 
production for the rate of seed predator attack.   275 
 276 
Results 277 
Contributions to total seed cone production 278 
A total of 183,015 cones were produced at the site over the 29 years of study for a site-279 
wide average of 6,100 ± 1,464 cones per year (mean ± SE). Cone production varied 280 
extensively among the 217 trees, ranging from 29 year totals of 0 to 25,842 total cones 281 
produced. Across all 29 years, the 27 most productive trees (12% of trees) produced 282 
50% of all cones, while the 29 least productive trees (13% of trees) only contributed 283 
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0.16% of all cones. Site-wide cone production varied extensively among the 29 years, 284 
ranging from 0 in non-mast years to 26,040 seed cones in one mast year (Figure 2). The 285 
contribution of individual years to this 29-year site-wide total was highly skewed 286 
because 76% of cones were produced during six mast years (Figure 2) while the 10 least 287 
productive years accounted for less than 5% of total cone production. A total of 39,339 288 
cones were aborted and produced no viable seeds because of attacks by weevils and 289 
moths over 29 years, with the site-wide proportion of aborted cones per year ranging 290 
from 0.038 to 0.953 (Figure 2). In accordance with the predator satiation hypothesis, the 291 
proportion of attacked cones at the site was significantly lower in mast years (mean = 292 
0.123 ± 0.116) than in non-mast years (mean = 0.444 ± 0.063) (F1,24 = 5.90; P = 0.023). 293 
 294 
Variability and synchrony in seed cone production  295 
Seed cone production was variable among years at both the population and individual 296 
level, and reproduction among trees was highly correlated. The coefficient of variation 297 
at the individual level (CVi) ranged from 1.13 to 5.48 (mean = 2.01 ± 0.05) while the 298 
coefficient of variation at the population level (CVp) was 1.26. The synchrony in seed 299 
cone production at the individual level, (i.e., ri ) involved all pairwise Pearson’s 300 
correlation coefficients for seed cone production between each tree and total cone 301 
production for all other trees across years, and ranged from -0.09 to 0.96 (mean = 0.73 ± 302 
0.01). 303 
 304 
Determining the form of functional response of seed predators  305 
The functional response of seed predators at the population level (n = 29 years) was a 306 
type II response, as demonstrated by the negative and significant linear coefficient of 307 
untransformed and log10-transformed available cones (Table 1a). The proportion of 308 
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attacked seed cones strongly decreased as available seed cones increased, that is, the 309 
maximum proportions of aborted cones occurred at low levels of available cones (Fig. 310 
1b). The functional response of seed predators at the individual level (n = 217 individual 311 
trees) across both mast- and non-mast years was also a type II response, as 312 
demonstrated by the negative and significant linear coefficient of untransformed and 313 
log10-transformed available cones (Table 1b). The functional response of seed predators 314 
at the individual level (n = 217 individual trees) in mast years was also a type II, based 315 
on the negative and significant linear coefficient of untransformed and log10-316 
transformed available cones (Table 1c). Again, the proportion of attacked seed cones 317 
strongly decreased as available seed cones increased (solid dots in Fig. 1c). These 318 
results indicate that individual trees benefit from masting across the full range of cone 319 
production (Fletcher et al. 2010). 320 
 321 
Associations among individual-level descriptors 322 
Based upon the type II functional response of seed predators, we used a logistic multiple 323 
regression to assess how the proportion of attacked seed cones for individual trees (Pi) 324 
was influenced by individual variation in total cone production (Ti), interannual 325 
variability in seed cone production (CVi) and synchrony with other trees in the 326 
population (ri) (Table 2). Pi was negatively associated with CVi, ri, and Ti (Table 2). So, 327 
in accordance with the predictions of the predator satiation hypothesis, trees that 328 
produced more cones (Ti), were more synchronized with neighbors (ri), were more 329 
variable (CVi), and suffered lower levels cone attack.  330 
 331 
Relative effects of individual vs. site-wide cone production 332 
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Both seed cone abundance within an individual canopy and seed cone abundance within 333 
the canopies of neighboring trees significantly reduced seed predator attack to 334 
individual trees (Table 3). Based on a comparison of these parameter estimates, a tree 335 
increasing cone production by one cone reduced its own seed predator attack by an 336 
order of magnitude more than the reduction in attack that occurred when all other trees 337 
in the population each increased cone production by one cone. 338 
 339 
Discussion 340 
Three noteworthy results from our field 29-year-study provide strong support for the 341 
hypothesis that predator satiation can influence the evolution of masting. Firstly, we 342 
found high interannual variability and synchrony in seed cone production at individual 343 
and population levels, and a type II functional response of seed predators to available 344 
cones; these patterns are all predicted by the postulates of masting behaviour and 345 
predator satiation. Secondly, we found that years with high cone production (defined as 346 
mast years) have markedly lower proportions of seed cones aborted due to insect 347 
predators than years of low production (satiation effect). Thirdly, we found that the 348 
proportion of attacked seed cones decreased as total cone production, variability, and 349 
synchrony in seed cone production at the individual level increased, thus providing the 350 
opportunity for natural selection to shape patterns of reproduction. 351 
The defining feature of masting patterns is the intermittent and synchronous 352 
production of large seed crops (Silvertown 1980; Koenig & Knops 2000; Kelly & Sork 353 
2002; Koenig et al. 2003). We found just such a pattern, which includes high 354 
interannual variability in seed cone production at both the population (CVp = 1.26) and 355 
individual level (mean CVi = 2.01). Plant species exhibiting mast seeding behaviour 356 
have been commonly identified as those in which the coefficient of variation of year-to-357 
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year seed cone production is greater than 1.0 (Silvertown 1980; LaMontagne & Boutin 358 
2009), but for plant species that exhibit “true” masting could even exceed 2.0 (sensu 359 
Kelly 1994). We also found high interannual synchrony in seed cone production within 360 
our ponderosa pine population, with a mean correlation of 0.73. These levels of within-361 
population synchrony are even higher than values observed in previous studies with 362 
ponderosa pine and other tree species, which typically range from 0.35 (Mooney, 363 
Linhart & Snyder 2011) to 0.5, (Liebhold et al. 2004) and 0.6 (LaMontagne & Boutin 364 
2007). Both results clearly indicate that masting and synchrony were at work in this 365 
population. 366 
Plant species exhibiting masting behaviour have several fitness advantages. Those 367 
for which there is strongest evidence include increased pollination success (Smith, 368 
Hamrick & Kramer 1990), increased probability of seed dispersal (Norton & Kelly 369 
1988) and reduced seed predation (Kelly & Sullivan 1997; Kon et al. 2005; Fletcher et 370 
al. 2010). However, disadvantages have also been associated with masting, including 371 
depletion of stored nutrients (Sala et al. 2012). Here we provide two strong forms of 372 
evidence that, in this ponderosa pine population, predator escape is an important factor 373 
favoring the evolution of masting behaviour. Firstly, we found that predator satiation is 374 
at work: seed predation was dramatically reduced in the most productive years (25,842 375 
produced cones and 12% attacked in 1984; 24,936 produced cones and 7% attacked in 376 
2001; 24,291 produced cones and 6% attacked in 2006) as compared to non-masting 377 
years, when seed predation ranged from 50 to 90 % in 9 of the years recorded (Fig. 2). 378 
Secondly, these mast-seeding years usually followed several inter-mast years of very 379 
low or no seed cone production (up to 12 years between 1984-1997; Fig. 2), with the 380 
exception of two consecutive mast years in 2005 and 2006 (Fig. 2). 381 
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Predictions of the predator satiation hypothesis assume that synchronous and 382 
variable seed production will satiate seed predators and therefore increase the 383 
probability of seed escape, but the size, mobility, and degree of specialization of 384 
predators may influence these predictions to a great extent (Koenig et al. 2003). In this 385 
study, we tested the predictions of the predator satiation hypothesis by relating the 386 
variability and synchrony in seed cone production at the individual level against the 387 
proportion of seed cones attacked by insect predators. Our results showed that high 388 
variability and synchrony at the individual level drastically reduced the probability of 389 
predation, as would be expected given the relatively localized movement/foraging of the 390 
insect seed predators in this population (Bodenham & Stevens 1981), and for satiation 391 
within individual trees. If seed predators were not movement-limited, variation in cones 392 
among individuals within mast years would not affect rates of attack (i.e. a cone would 393 
be a cone, whether it was on one tree or another). The idea of satiation at small scale 394 
(e.g. within individual trees) provides further support for the relatively localized scale of 395 
synchrony among populations observed in our previous study of seven ponderosa pine 396 
populations in Boulder County (Colorado), including the one studied here (Mooney, 397 
Linhart & Snyder 2011). All these populations are attacked by the same suite of insects 398 
(Conotrachelus neomexicanus, Conophthorus ponderosae, Dioryctria spp. and 399 
Eucosma spp.) which are known to restrict their movements to one or a few adjacent 400 
trees (Bodenham & Stevens 1981; Keefover-Ring & Linhart 2010). If the spatial scale 401 
of seed predator movement was larger than the spatial scale of reproductive synchrony, 402 
then seed predators might recruit to locally abundant seeds, reducing or eliminating the 403 
benefit of masting behaviour as a reproductive strategy for predator satiation (Curran & 404 
Leighton 2000; Ostfeld & Keesing 2000). Supporting our results, some previous authors 405 
also found that individual trees are able to satiate relatively immobile specialist 406 
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predators (i.e. weevils and small moths), and in these cases selection acts to increase 407 
individual variability in seed production. For example, Janzen (1978) observed this for 408 
Cassia grandis and its insect seed predators and Nilsson & Wästljung (1987) for Fagus 409 
sylvatica and the beech moth (Cydia fagiglandana, Tortricidae). Despite the possible 410 
benefits of satiation within individual trees, the benefits of synchrony and satiation at 411 
larger spatial scale can be seen in the fact that predator attack during non-mast years 412 
was higher even when controlling for total cones produced by the individual (Fig. 1c).  413 
The proportion of seed cones aborted because of insect predators decreased 414 
strongly with increasing seed cone availability in our population (Fig. 1). The functional 415 
response of seed predators to different densities of seeds (consumed vs. available seeds) 416 
has been widely studied during the last 60 years (Solomon 1949; Holling 1959, 1965; 417 
Fletcher et al. 2010), but empirical studies determining the form of the functional 418 
responses of seed predators across low and high levels of seed cone production in 419 
natural plant populations are still rare (but see Ruscoe et al. 2005; Fletcher et al. 2010). 420 
Evaluating the form of the functional response is crucial to examine the predictions of 421 
the predator satiation hypothesis. Here we found a type II functional response of insect 422 
seed predators to available seed cones. Type II responses are satiating functional 423 
responses because the proportion of predated seeds decreases at high levels of available 424 
seeds and this behavioural response is typical of relatively immobile specialist predators 425 
(e.g. insects) that specialize on one or a few resources (Holling 1959, 1965). In a 426 
previous study with a natural population of white spruce, Fletcher et al. (2010) also 427 
detected a satiating type II functional response of red squirrels to available seed cones 428 
across the entire study years (one mast and three non-mast seeding years). However, 429 
these authors detected a satiating type III functional response when analyses were 430 
restricted to the three non-mast seeding years (Fletcher et al. 2010). Type III functional 431 
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responses are commonly typical of mobile generalist predators (e.g. squirrels, mice, 432 
birds) which readily switch from one resource to another (Holling 1959, 1965).  433 
The evolutionary dynamics of mast seeding in trees are difficult to detect, given 434 
the long life spans of the plants involved. However, we provide evidence that the type II 435 
functional response of predators we observe might select for masting behaviour in our 436 
pine population. Specifically, we found high individual variation in synchrony and 437 
variability, and this variation was in turn associated with the proportion of cones 438 
damaged, and therefore individual fitness. In addition, we showed in a previous study of 439 
this population that the 50 most fertile trees (highest total cone production) are 440 
significantly different genetically at 3 electrophoretic loci from the 50 least fertile trees 441 
(Linhart & Mitton 1985). Fertility is in turn positively correlated with both variability 442 
and synchrony in cone production (Table 2), suggesting a genetic basis to these traits 443 
and thus the possibility for selection. These differences are between members of two 444 
groups that grow intermixed on a site of uniform slope, exposure, and soils within a 445 
small area (2 ha), so the genetic differences detected among those trees are not due to 446 
differences in physical conditions of their habitat such as soils, exposure or competition. 447 
Other studies also provide convincing evidence that individual trees benefit in various 448 
ways from being highly synchronous with their neighbors, and in these studies, it is 449 
either known or inferred that trees which are the most fertile also differ genetically from 450 
other members of the population (e.g. Wolgast 1978; Koenig et al. 1994; Visser et al. 451 
2011; Archibald et al. 2012). This combination of results indicates that differential 452 
reproduction has a significant heritable basis and is therefore amenable to natural 453 
selection in forest trees.   454 
In summary, we provide strong support for the predictions of the predator satiation 455 
hypothesis in a long-term field study. In keeping with past studies, we show how the 456 
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proportion of seed cones that escaped insect seed predators was much greater in mast 457 
years. We in turn provide mechanistic detail to the dynamics underlying this pattern; we 458 
show how insect seed predator attack follows a type II functional response, and that 459 
variation among individual trees in year-to-year fertility, variability and synchrony of 460 
seed cone production is associated with increased fitness. These results provide strong 461 
evidence that the evolution of mast seeding and predator satiation strategies of 462 
ponderosa pine have been influenced, at least in part, by insect predator activity.  463 
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Table 1. Form of the functional response of insect seed predators to available seed 628 
cones at a) population level (n=29 years), b) individual level (n=217 trees) in both mast 629 
and non-mast years and c) individual level (n=217 trees) in mast years. Logistic 630 
regressions were used to examine the linear and quadratic effects of log10-transformed 631 
available cones on the proportion of attacked cones. Significant P-values are shown in 632 
bold. 633 
 634 
 635 
Effects df Parameter SE χ
2
 P 
a) Population level      
      Available cones  1, 23 -20.34 5.85 12.08 <0.001 
      Available cones
2
 1, 23 9.29 2.82 10.85 0.001 
      
b) Individual level (across both mast 
and non-mast years)
1
 
     
      Available cones  1, 211 -17.25 0.99 301.11 <0.001 
      Available cones
2
 1, 211 8.27 0.49 280.12 <0.001 
      
c) Individual level (mast years)      
      Available cones  1, 211 -19.05 2.97 41.22 <0.001 
      Available cones
2
 1, 211 9.36 1.48 40.05 <0.001 
 636 
1
 Each tree was included during both mast and non-mast years and tree identity was 637 
included in the analysis as a fixed effect. 638 
 639 
 640 
 641 
 642 
 643 
 644 
 645 
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Table 2. Multiple logistic regressions testing the effects of individual synchrony in seed 646 
production (ri), the variation at individual level in seed cone production (CVi), the total 647 
cone production for each tree (Ti) upon the individual proportion of attacked seed cones 648 
(Pi). 649 
 650 
 651 
 652 
Effects df Parameter SE χ
2
 P 
Total cones  1, 211 -0.000 0.000 1680.03 <0.001 
Variability 1,211 -0.517 0.024 479.36 <0.001 
Synchrony 1, 211 -0.376 0.071 28.46 <0.001 
      
 653 
 654 
 655 
 656 
 657 
 658 
 659 
 660 
 661 
 662 
 663 
 664 
 665 
 666 
 667 
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Table 3. Multiple logistic regressions testing the effects of total cone production for a 668 
tree within a year and the mean number of cones produced by all other trees within the 669 
population for that year upon the proportion of cones attacked on a single tree within a 670 
single year. With this approach, the partial regression coefficients compare the 671 
influences of variation in individual vs. population-wide cone production for the rate of 672 
seed predator attack.  Individual tree was included as a fixed effect in the statistical 673 
model. 674 
 675 
 676 
Effects df Parameter SE χ
2
 P 
Individual cones  1, 2996 -0.0026 0.000 4092.94 <0.001 
Population-wide cones 1, 2996 -0.0001 0.000 12775.90 <0.001 
Individual tree 1, 2996 -0.0004 0.001 17.41 <0.001 
      
 677 
 678 
 679 
 680 
 681 
 682 
 683 
 684 
 685 
 686 
 687 
 688 
 689 
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FIGURE LEGENDS 690 
 691 
Fig 1. (a) Types of functional responses of predators to available cones. See Materials 692 
and methods section for specific details about the forms of the functional responses. (b) 693 
Relationship between the number of available seed cones and the proportion of attacked 694 
seed cones by insect seed predators at population level (white dots for non-mast years, 695 
grey dots for intermediate years and black dots for mast years, r = -0.44, P = 0.017). 696 
Each point represents a year (N = 29). (c) Relationship between the number of available 697 
seed cones and the proportion of attacked seed cones by insect seed predators at 698 
individual level in non-mast years (white dots, r = -0.11, P = 0.117) and mast years 699 
(black dots, r = -0.20, P = 0.003). Each point represents an individual ponderosa pine 700 
tree (N = 217). The single line shows the functional response across all trees in both 701 
mast and non-mast years. 702 
 703 
Fig 2. Annual estimates (from 1979 to 2008, except 2004) of the total number of seed 704 
cones per tree (white dots, dashed line and left axis) and proportion of attacked seed 705 
cones by specialist insect seed predators per tree (black dots, solid line and right axis). 706 
Each point represents the average of 217 ponderosa pine trees. Error bars are omitted 707 
for clarity. 708 
 709 
 710 
 711 
 712 
 713 
 714 
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Fig 1. Linhart et al. 722 
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